Core ideas (3-5 impact statements, 85 char max for each) 3 -Genome-wide association studies with mixture populations are expected to improve the 4 detection power of novel genes due to the increase of the sample size although the influence of 5 population structure is a concern. 6 -When a quantitative trait nucleotide (QTN) is polymorphic in a target population, a 7 combination of the target population and a population with higher diversity than the target 8 population improves the detection power of the QTN.
INTRODUCTION
and Picard package V2.5.0 (http://broadinstitute.github.io/picard). The mapped reads the -glm BOTH option. We extracted bi-allelic sites in all the accessions from the variants using 162 VCFtools version 0.1.13 (Danecek et al., 2011) . Then, imputations were imputed using Beagle 163 version 4.1 (Browning and Browning, 2016) . Finally, we analyzed the SNPs with minor allele where 8 is the average of the expected heterozygosity based on the allele frequencies of 193 populations A and B, and 9 is the expected heterozygosity based on the average allele 194 frequency of populations A and B. 8 and 9 were calculated as follows:
where > , C , > , and C are the allele frequencies and the sample sizes of populations A and B 198 respectively, and > = 112 and C = 100. The FST distribution between A and B is shown in 199 Fig. S1 , which also shows the thresholds for the five FST categories.
200
The polygenetic effect in Eq. 5 was sampled from the multivariate normal distribution 201 whose variance-covariance matrix was proportional to the additive numerator relationship matrix 202 and was normalized so that their variance was equal to that of the three QTN effects. The residual in Eq. 6 was sampled identically and independently from the normal distribution, 212 and was then normalized so that the narrow-sense heritability was equal to 0.6. Residual e was 213 calculated using the following formula:
where is an identity matrix, and the residual variance S ' was determined so that the heritability 216 was equal to 0.6. Genome-wide association study (GWAS) using simulated data 220 We performed a GWAS on the seven non-mixture (A, B, C, D) and mixture populations 221 (E, F, and G) using the marker genotype data and the simulated phenotypic data. We fitted the 222 linear mixed model (Yu et al., 2006) .
where is the vector of phenotypic values, , V V , and are the fixed effects terms, is 225 the random effects term, and is the residuals vector. represents all of the fixed effects other 226 than V V , and , and X is the incidence design matrix corresponding to . In this study, Xβ 227 was an intercept. V V is composed of V , which is the ith marker of the genotype data, and V ,
228
which is the effect of that marker. is the term used to correct for the effect of population "rrBLUP" version 4.5 (Endelman, 2011) was used to perform the GWAS described above.
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Evaluation of the simulation results

238
The -value (or −log $b ( )) for each marker effect was estimated 100 times by the 239 GWAS in five patterns according to the size of the FST for the seven non-mixture/mixture 240 populations. In this study, the following summary statistics were mainly used to evaluate the 241 GWAS results.
242
In the 100 simulations, the QTNs were not always polymorphic in each population 243 (because the MAF of the whole population did not necessarily match the MAF of each individual 244 population). In such cases, the −log $b ( ) value of a QTN that was not polymorphic within a 245 population could not be calculated. Therefore, when two SNPs were polymorphic within that 246 population and were adjacent to the QTN, then the statistic of the more significant SNP was used 247 as the QTN statistic. Since it was difficult to detect such QTNs using a GWAS, we calculated the 248 summary statistics by dividing two patterns depending on polymorphism patterns of QTN1, i.e., 249 whether using all simulation results or using only results whose QTN1 was polymorphic in the 250 target population (referred to as "All" and "Polymorphic in the population", respectively).
Correct detection rate (CDR) and − ( )
253
The first summary statistic was whether the −log $b ( ) rate for each QTN exceeded the 254 threshold in each GWAS (referred to as "CDR; correct detection rate"). We assumed that QTNs 255 would be successfully detected by the GWAS when the CDR was large. The −log $b ( ) value 256 whose false discovery rate (FDR) was 0.05 was set as the threshold using the Benjamini-
257
Hochberg method (Benjamini and Hochberg, 1995; Storey and Tibshirani, 2003) . As the second 258 summary statistic, we used the −log $b ( ) for each QTN in each GWAS, and we also assumed 259 that QTNs were successfully detected by the GWAS when this statistic was large.
261
Area under the curve (AUC) 262 We also regarded the mean of the AUC as one summary statistic. The AUC refers to the was calculated using the following formula:
where is the number of QTNs, and = 3 in this study. The and are the + 1 269 vectors whose ith elements are V and V , respectively. V = V = 1 when = 270 + 1. When 1 ≦ ≦ , the V and V represent the false positive rate and the true 271 positive rate at the time when QTNs exceed the threshold, respectively. They were calculated 272 using the following formula: investigating SNPs with LD as one set. In this study, we defined SNPs that satisfied the 282 conditions that they were within 300 kb from the focused SNP and the condition that their 283 squares of the correlation coefficients with the focused SNP were 0.35 or more as one set when 284 considering LD. When we counted V , V , V , and V , we counted the number of the sets 285 described above instead of the number of SNPs. The value for AUC calculated in this manner 286 takes a value between 0 and 1. The GWAS is more successful when the AUC is closer to 1.
287
Using the mean of the AUC as one of the summary statistics meant that it was possible to focus 288 on each QTN and evaluate the overall results of the GWAS. Precision, recall, and F-measure 292 We calculated the mean of precision, the mean of recall, and the mean of the F-measure 293 as other summary statistics to evaluate the GWAS results. These summary statistics can be calculated from the numbers of true positives, false positives, false negatives, and true negatives.
We regarded an SNP as "positive" when the −log $b ( ) of that SNP exceeded the 298 threshold described above. The precision represents the ratio of the detected SNPs that were 299 QTNs. The recall was defined using the following formula:
The recall represents the proportion of QTNs detected by the GWAS. Finally, the F-302 measure was calculated as the harmonic mean of the precision and the recall, and can be used to 303 comprehensively evaluate the GWAS results. The F-measure was calculated using the following G were always larger than in population A when all the simulation results were taken into 341 account (Fig. 2) . When FST was low, and all simulation results were taken into account (Fig. 2a) QTN1 was hardly detected because of the strong confounding effect of the population structure.
351
In the other populations, the expected heterozygosity (He) for QTN1 was extremely small (In A   352 and B, He was less than 0.1 in all 100 simulations). The small He may make the detection of 353 QTN1 difficult. 354 We excluded the simulations in which there were no polymorphisms in the population 355 so that the detection power of the GWAS when there were polymorphisms in an analyzed 356 population could be evaluated (Figs. 2f-j) . When FST was low, population F had the highest CDR 357 and when FST was in the lower-middle or middle categories, population A had the highest CDR.
358
However, there were only 14 and 9 cases in which QTN1 was polymorphic in population A. In 359 general, the populations with low or moderate genetic diversities (A, C, and F) had higher CDRs than the populations with high genetic diversities (D, E, and G). When FST was in the higher-361 middle or high categories, the results were similar to when FST was in the lower-middle or 362 middle categories.
363
The CDRs of QTN2 and QTN3 were much lower than that of QTN1 because smaller 364 genetic variances were assigned to these QTLs than QTN1 (Table S2 ). As in the case of QTN1, 365 for almost all levels of FST, the CDRs of QTN2 and QTN3 were higher in the mixture 366 populations (E, F, and G) than their corresponding non-mixture populations (B, C, and D).
367
Furthermore, the CDRs for QTN2 and QTN3 in all the mixture populations were higher than for 368 population A. The CDRs for QTN2 and QTN3 were also larger when the FST for QTN1 was 369 higher.
370
Populations D and G had high AUC values in all cases (Table S2 ). Population F had a 371 smaller AUC than populations D and G, even when the CDR was highest in population F.
373
Comparisons of the − ( ) values for the GWAS on each mixture population 374 containing japonica (A) 375 We compared the −log $b ( ) values for each QTN between populations mixed with the 376 japonica population (A) to see if QTN1 was polymorphic in A (Fig. 3 ). Comparing these values 377 allowed us to examine whether the detection power of the GWAS improved when genetic 378 resources with higher genetic diversities were added to target population A. There is no plot for 379 the high FST values because no QTN1 was polymorphic in population A over 100 simulations 380 when the FST of QTN1 was high. compared to A (Fig. 3) . Population F showed the highest detectability, and this tendency was 390 conspicuous even when FST was in the middle or higher-middle categories (Figs. 3c, d, 391 respectively). This is because the QTN1 effect is less likely to be confounded with the population 392 structure in F than in the other mixture populations (E and G). Population G had the highest 393 −log $b ( ) values for QTN2 and QTN3, although only slightly (Fig. 3) . where is the term used to correct the effect of population structure, and Zu shows the 473 polygenetic effect. In this GWAS model, V V and or have some correlation when V = the effects of population structure or family relatedness, such as and . Therefore, QTN 476 detection is quite difficult when a GWAS is performed on mixture populations. For QTN2 and 477 QTN3, where V = ' or V = ( , there is generally no correlation between V V and or . Fig. 4. Relationship between FST, He, and the detection power of QTN1 . 764
FIGURES AND TABLES
The distribution of each marker is plotted thinly with between subpopulation FST on the 765 horizontal axis and He of each subpopulation on the vertical axis. The dark X marks on the plot 766 show the SNPs selected as QTN1s in this study. Red and purple marks were detected by GWAS, 767 and green and yellow ones were not detected by GWAS. 
